Introduction
============

Hyperlipidemia is one of the major risk factors for atherosclerosis, and statins, which are potent inhibitors of hydroxyl-methylglutaryl-coenzyme A reductase, are given to suppress plasma lipid levels and to retard atherosclerosis. In patients with coronary artery disease, long-term treatment with statins may reduce plaque size and slow progression of coronary stenosis.[@B1]-[@B4] In conjunction with lipid lowering effects, statins may reduce inflammation[@B5] and improve endothelial function.[@B6]

Hypertension is a major risk factor for stroke and ischemic heart disease.[@B7] Angiotensin II (Ang II) promotes hypertension through vasoconstrictive and inflammatory activities, which also contribute to atherosclerosis.[@B7] Therefore, angiotensin-converting enzyme (ACE) inhibitors[@B8][@B9] and Ang II-receptor blockers (ARBs),[@B10][@B11] mainly prescribed for the treatment of hypertension, may plausibly be used to treat patients with atherosclerotic coronary artery disease. Losartan is an Ang II type 1 receptor blocker used to reduce blood pressure. This drug may improve vascular functions as well as modulate inflammatory cytokine and chemokine expression, and formation of reactive oxygen and nitrogen species.[@B7][@B12]

Both statins and ARBs display anti-oxidative, anti-proliferative, and anti-inflammatory effects that may retard or prevent atherosclerosis. A few groups have applied combined therapy with simvastatin and losartan in patients with hypercholesterolemia and hypertension[@B13][@B14] and in rats;[@B15] however, the mechanisms of the treatment effects observed have not been fully investigated.

In the present study, we investigated the potentially synergistic effects of simvastatin and losartan on atherosclerosis in high-fat high-cholesterol (HFHC)-fed apolipoprotein E (apoE)^-/-^ mice by analyzing proteins, and proteases, related to atherosclerosis. We found that these drugs inhibited atherosclerosis, in part through preservation of the vascular smooth muscle cell (SMC) layer.

Materials and Methods
=====================

Animal model
------------

All animal studies conformed to the guidelines of the Institutional Animal Care and Use Committee of Samsung Biomedical Research Institute. Seven-week-old apoE^-/-^ mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA) and conditioned for one week at the Samsung Biomedical Research Institute under specific pathogen-free conditions.

Twenty-nine, 8-week-old apoE^-/-^ mice were randomly divided into 5 groups, which were fed the normal diet only (n=5), a HFHC diet only (n=6), HFHC diet plus simvastatin (40 mg/kg/day, n=6), HFHC diet plus losartan (20 mg/kg/day, n=6), and HFHC diet plus losartan (20 mg/kg/day) plus simvastatin (40 mg/kg/day) (n=6). The HFHC diet contained 1.25% cholesterol, 6% fat, and 0.8% sodium chloride (CRF-1, Research Diets, Inc., New Brunswick, NJ, USA). Since the cholesterol concentration in the diet that we used here was too high to induce the atherosclerotic lesions by continuous feeding for 12 weeks, we developed the diet feeding scheme as follows: mice were fed the HFHC diets for one week and normal chow for 2 subsequent weeks to make one cycle; this cycle was repeated 4 times. After the final week of HFHC feeding (cycle four), all groups of mice were sacrificed.

The losartan and simvastatin were dissolved in pure water and administered to the mice three times weekly by tube feeding. HFHC-fed group were administered only HFHC and water and control group were fed only the normal chow and water. In all of the experiments, body weights were monitored throughout the treatment period. After 12 weeks, the mice were sacrificed by CO~2~ asphyxiation. Biochemical analysis, including total plasma cholesterol and triglyceride levels, were measured using an AU400 analyzer (Olympus, Tokyo, Japan) by Chemon Inc. (Yongin, Korea).

Histological examinations
-------------------------

The cross-sectional areas of atherosclerotic lesions were quantified by evaluating the lesion size in the aortic sinus. Briefly, at the time of sacrifice, the heart and aorta were perfused with phosphatebuffered saline (PBS) for 10 minutes and 4% paraformaldehyde for 5 minutes, and were then promptly removed. After fixation for one day in 10% buffered neutral formalin, aortic sinuses containing the heart and aortic root were embedded in frozen-section compound (Leica, Wetzlar, Germany), and kept at -70℃ until use. All samples were sectioned using a cryostat at -20℃, and 6 consecutive 8 µm sections were cut from the aorta where the valve cusps were visible. Plaques were stained with Oil Red O and counterstained with hematoxylin. The lesion area (µm^2^) of three sections was then quantified by computer-assisted morphometry (Image-Pro Plus, Silver Spring, MD, USA), and the average lesion size in each animal was calculated.

A treatment was considered \'effective\' if there was a statistically significant difference between groups. A \'synergistic\' treatment was one that did not show a difference or showed a difference, but without statistical significance, and however, co-treatment revealed a significant difference with statistical significance. When co-treatment demonstrated effects that had greater statistical significance compared to the effects of single treatment, it was defined as \'addictive\'.

Immunofluorescence
------------------

Tissue sections were fixed with 4% paraformaldehyde for 15 minutes, permeabilized with cold acetone for 15 minutes, blocked with 10% goat serum in PBS for 30 minutes, and reacted with primary antibody in PBS (1 : 100 to 1 : 2000 dilutions) overnight at 4℃. Primary antibodies used in the study were as follows: anti-MOMA2 (Cat\#MCA519GT, AbD Serotec), anti-SMC actin (Cat\#ab7817, Abcam), anti-metalloproteinase 9 (MMP9) (Cat\#ab38898, Abcam), anti-tissue inhibitor of metalloproteinase 1 (TIMP1) (Cat\#ab61224, Abcam), and anti-heat shock protein 27 (HSP27) (Cat\#2442, Cell signaling) antibodies. After incubation, tissue sections were washed extensively with PBS, incubated with 1 : 100 Alexa 488- or Alexa 568-conjugated rabbit anti-mouse antibody (Molecular Probes, Eugene, OR, USA) in PBS for 30 minutes at room temperature, and washed 3 times with PBS. Nuclear staining was performed for 1 minute with DAPI (Molecular Probes) diluted 1 : 50000. Fluorescence images were obtained with a CSRL700 confocal microscope (ZEISS, Jena, Germany).

Statistical methods
-------------------

Data were expressed as the mean±SD. Statistical significance was determined using unpaired Student\'s t-test, and a p less than 0.05 was considered significant.

Results
=======

Losartan more than simvastatin inhibits the lipid accumulation in the aortas of high-fat, high-cholesterol-fed apolipoprotien E^-/-^ mice
-----------------------------------------------------------------------------------------------------------------------------------------

In the present study, we investigated the effects of simvastatin and/or losartan on atherogenesis in apoE^-/-^ mice by quantifying lesion areas in the aortic sinuses of the mice fed a HFHC diet. [Fig. 1A](#F1){ref-type="fig"} shows a longitudinal en face view of Oil Red O-stained lesions in the aorta. The mice fed HFHC for 12 weeks developed significantly larger atherosclerotic lesions in the aorta compared with the mice fed regular chow. The mice treated with simvastatin or losartan had significantly fewer atherosclerotic lesions compared with mice fed HFHC only. In particular, the treatment with simvastatin and losartan combined synergistically reduced the atherosclerotic lesion area ([Fig. 1A](#F1){ref-type="fig"}).

The atherosclerotic lesions in the cross-sections of the aortic roots from apoE^-/-^ mice were also analyzed by Oil Red O staining. These sections revealed significantly higher lipid accumulation in mice fed HFHC than in mice fed regular chow ([Fig. 1B](#F1){ref-type="fig"}). As shown in [Fig. 1C](#F1){ref-type="fig"}, losartan treatment reduced lipid accumulation significantly by 29% compared to HFHC-fed mice (HFHC; 346830.9±52915.8 µm^2^ vs. HFHC plus losartan; 255965.3±74057.7 µm^2^, p\<0.05). Simvastatin reduced lipid accumulation by 14% (299713.6±816.4 µm^2^), but the reduction was not significant (p=0.22). Mice co-treated with simvastatin and losartan showed a 30% reduction in lipid accumulation (253173.3±41893.2 µm^2^) compared with mice fed HFHC alone (p\<0.05), Greater addictive decreasing effect was observed in the drugtreated groups ([Fig. 1C](#F1){ref-type="fig"}, see p).

Total plasma cholesterol levels in HFHC-fed groups were not significantly influenced by simvastatin and/or losartan treatment ([Table 1](#T1){ref-type="table"}). The mean plasma triglyceride level was 101±43 mg/dL in the control group, 270±70 mg/dL in the HFHC-fed group, 220±99 mg/dL in the HFHC-fed simvastatin-treated group; 186±21 mg/dL in the HFHC-fed losartan-treated group and 172±98 mg/dL in the HFHC-fed simvastatin plus losartan-treated group. The simvastatin and/or losartan treatments did not significantly change the mean plasma low density lipoprotein-cholesterol (LDL-C) levels or mean plasma high density lipoprotein-cholesterol levels.

Simvastatin and losartan significantly affects macrophage infiltration into atherosclerotic lesions in the aortic sinuses of high-fat, high-cholesterol-fed apolipoprotien E^-/-^ mice
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Since monocytes/macrophages are the predominant cells found in atherosclerotic plaques, we examined the effects of the 2 drugs specifically on these cells. As shown in [Fig. 2](#F2){ref-type="fig"}, the area of monocyte infiltration was 33% (120556.0±39282.8 µm^2^, p\<0.05), 28% (138463.8±4018.4 µm^2^, p=0.106), and 44% (103229.0±8473.3 µm^2^, p\<0.001) reduced in the groups treated with simvastatin, losartan, and the 2 drugs combined, respectively, compared with mice fed HFHC without drug treatment (183575.6±43211.2 µm^2^). The data indicate that groups treated with both simvastatin and combined drugs revealed a significant inhibitory effect on the inhibition of monocyte infiltration in atherosclerotic lesions. Simvastatin and losartan in combination had greater inhibitory effect than each drug treatment alone ([Fig. 2B](#F2){ref-type="fig"}).

Simvastatin and losartan synergistically prevents smooth muscle layer destruction in the aortic media
-----------------------------------------------------------------------------------------------------

The presence and localized pattern of SMCs in atherosclerotic lesions may potentially indicate plaque stability in disease progression. In aortic sinus sections from the HFHC-fed mice stained with alpha-SMC actin (α-SMC actin) antibody, the SMC layer in the arterial wall media showed much destruction. The preserved SMC area was significantly higher, 59.2% (p=0.266) and 60.1% (p=0.324), in mice treated with simvastatin and losartan, respectively, compared with mice fed HFHC without drug treatment (47.9%) ([Fig. 3](#F3){ref-type="fig"}). The α-SMC actin-positive areas in HFHC-fed mice co-treated with simvastatin and losartan (n=6) were significantly greater, comprising 75.1% (p\<0.05) of the total aortic sinus cross-sectional area as compared to 47.9% in the untreated HFHC-fed group ([Fig. 3B](#F3){ref-type="fig"}). The co-administration of two drugs thus synergistically protected the SMC layer as compared to each single drug treatments ([Fig. 3](#F3){ref-type="fig"}, p).

Simvastatin and/or losartan differentially affect matrix metalloproteinase 9 and heat shock protein 27 expression in atherosclerotic lesions
--------------------------------------------------------------------------------------------------------------------------------------------

The extracellular matrix in normal vasculature was studied intensively to better understand plaque vulnerability or stability in disease progression. The significant protective effect that simvastatin and/or losartan exerted on the SMC layer in the vessel wall led us to investigate the well-known proteases, matrix MMP9 for clues to the action of these drugs. As expected, MMP9 expression in the aortic sinus of HFHC-fed apoE^-/-^ mice was strongly induced; however, treatment with simvastatin and/or losartan remarkably suppressed this induction ([Fig. 4A](#F4){ref-type="fig"}). Furthermore, losartan (but not simvastatin) treatment induced the expression of TIMP1 in the deep intimal area of HFHC-fed apoE^-/-^ mice ([Fig. 4B](#F4){ref-type="fig"}).

Currently, the small HSP27 is used as a biomarker for atherosclerotic progression. While HSP27 expression decreased in the aortic sinus from the HFHC-fed apoE^-/-^ mice in this study, simvastatin and losartan clearly suppressed this decrease ([Fig. 5](#F5){ref-type="fig"}). Interestingly, the effects of simvastatin and losartan on HSP27 expression were mainly restricted to the neointimal layer in case of simvastatin and the whole area in case of losartan in tissue sections of the aortic sinus, respectively ([Fig. 5](#F5){ref-type="fig"}). These results indicate that the 2 drugs influence differentially on MMP9, TIMP1, and HSP27 expression in atherosclerotic lesions of HFHC-fed apoE^-/-^ mice.

Discussion
==========

The statins are widely acknowledged to reduce blood levels of LDL-cholesterol, a lipid involved in the initiation and progression of atherosclerosis. The scope of clinical effects that statins influence continues to expand.[@B16]-[@B19] Their roles include improving endothelial function, atherosclerotic plaque stabilization, oxidative stress reduction, anti-inflammatory effect, and inhibition of thrombogenesis.[@B19][@B20] ACE inhibitors[@B8][@B9] and ARBs[@B10][@B11] are reported to improve endothelial function, presumably by inhibiting LDL oxidation, in addition to lowering blood pressure.[@B21] ACE inhibitors and ARBs are mainly prescribed for the treatment of hypertension and heart failure, however they do not have much of a purpose in the prevention and treatment of atherosclerosis.

While drugs with similar mechanisms may induce additive effects, the combined effects of drugs with different mechanisms are less easily predictable. In the present study, we assessed the potentially addictive and synergistic effects of simvastatin and losartan in combination on selected hallmarks of atherosclerosis. Using HFHC-fed apoE^-/-^ mice, we found that losartan, more than simvastatin, significantly reduced lipid accumulation in the aortas and aortic sinuses in HFHC-fed apoE^-/-^ mice ([Fig. 1](#F1){ref-type="fig"}). Simvastatin did not induce significant changes in lipid or LDL levels ([Table 1](#T1){ref-type="table"}). Co-treatment of simvastatin with losartan showed greater addictive effects ([Fig. 1C](#F1){ref-type="fig"}). Koh et al.[@B13] found that losartan reduced blood pressure, while simvastatin alone significantly improved the lipid profile; and they observed comparable beneficial effects on flow mediated vasodilation and inflammatory cytokines in hypercholesterolemic and hypertensive patients. ApoE^-/-^ mice may have inherent problems as a model to study drug effects on atherosclerosis because of lack of apoE. The resultant lipid metabolism may be quite different from patients with atherosclerosis.

We previously found that simvastatin changes the lipid composition in atherosclerotic plaques, in the absence of significant effects on serum lipids of apoE^-/-^ mice.[@B22] Simvastatin, more than losartan significantly inhibited macrophage infiltration in the aorta and in plaques of the aortic sinus in HFHC-fed apoE^-/-^ mice ([Fig. 2](#F2){ref-type="fig"}). In both humans and mice, statins suppress inflammation by inhibiting proinflammatory chemokine release by cells within the artery wall.[@B17][@B19][@B20][@B23] Losartan, on the other hand, may regulate vascular SMC proliferation by inhibiting deoxyribonucleic acid synthesis and modulating other functions such as Ang II-induced secretion of tissue-type plasminogen activator, MMPs, and TIMP.[@B24][@B25] These distinctions in mechanism may explain why co-treatment with simvastatin and losartan, but not either drug alone, addictively and synergistically protected the media layer in aortic sinus from destruction in HFHC-fed apoE^-/-^ mice ([Fig. 3](#F3){ref-type="fig"}).

As we report here, MMP9 was markedly reduced, but TIMP and HSP27 were increased by simvastatin and/or losartan treatment in the aorta from HFHC-fed apoE^-/-^ mice ([Figs. 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). As we have shown, HSP27 is a potentially useful biomarker of progression of atherosclerosis.[@B26][@B27] Specifically, the protein is diminished in carotids from patients with an atherosclerotic coronary artery and it is likely to have protective function in SMC death under hypoxic conditions (unpublished data). Our study demonstrated that simvastatin and losartan independently overcome the reduction of HSP27 by HFHC-feeding in mice. Interestingly, HSP27 induction by simvastatin was mainly restricted to the neointimal layer, while the induction by losartan covers the whole lesion area in tissue sections of the aortic sinus ([Fig. 5](#F5){ref-type="fig"}). These differential effects of the 2 drugs on HSP27 expression may provide some clues at least to prevent SMC preservation during the development of atherosclerotic lesions. Currently, we are investigating the effects of simvastatin and/or losartan on HSP27 expression in SMCs and infiltrating immune cells, and whether the cells undergo apoptosis when HSP27 expression is reduced or knocked-down.

In conclusion, by distinct mechanisms, simvastatin and losartan favorably modified lipid accumulation, macrophage infiltration, and HSP27 and TIMP expression in atherosclerotic plaques in HFHC-fed apoE^-/-^ mice. These effects on key components of atherosclerosis suggest that combination therapy with simvastatin and losartan may be beneficial for patients with atherosclerotic cardiovascular diseases.
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![Effects of simvastatin and/or losartan on lipid accumulation in aorta and aortic sinus in apoE^-/-^ mice fed a high-fat, high-cholesterol (HFHC) diet. Mice were fed an HFHC diet for 12 weeks of HFHC with or without 40 mg/kg simvastatin and/or 20 mg/kg losartan twice weekly. A control group was fed regular chow for 12 weeks. A: representative en face Oil Red O-stained aorta from each group of apoE^-/-^ mice is shown. B: representative Oil Red O-stained area in aortic sinus from each group of apoE^-/-^ mice is shown. C: Oil Red O-positive areas of the aortic sinus were quantitatively analyzed by computer-assisted morphometery. All results are shown as the mean±SD. ^\*^p\<0.05 compared with the HFHC group. S: simvastatin, L: losartan, S+L: simvastatin plus losartan, apoE^-/-^: apolipopretein E.](kcj-42-543-g001){#F1}

![Effects of simvastatin and/or losartan on macrophage infiltration into atherosclerotic lesions in apoE^-/-^ mice fed an HFHC diet. Mice were fed the HFHC diet for 12 weeks of HFHC with or without 40 mg/kg simvastatin and/or 20 mg/kg of losartan twice weekly. A control group was fed regular chow for 12 weeks. Tissue sections from the aortic sinuses of apoE^-/-^ mice from each group were stained with rat monoclonal antibody to mouse macrophages (MOMA-2). A: representative MOMA-2-stained aortic sinuses from each group are shown. B: the MOMA-2-positive areas of the aortic sinus were quantitatively analyzed by computer-assisted morphometery. All results are shown as the mean±SD. ^\*^p\<0.05, ^†^p\<0.01 compared with the HFHC group, respectively. S: simvastatin, L: losartan, S+L: simvastatin plus losartan, HFHC: high-fat, high-cholesterol, apoE^-/-^: apolipoprotein E.](kcj-42-543-g002){#F2}

![Effects of simvastatin and/or losartan on smooth muscle cell destruction in HFHC-fed apoE^-/-^ mice. Three sections of the aortic sinus from each animal were stained with alpha-SMC actin antibody. Mean staining values were expressed as a percentage of the total lesion area. A: representative examples of aortic sinus staining are shown for each group. B: the preserved medial layer was quantified by expressing the area positively stained with alpha-SMC actin antibody as a fraction (%) of the entire vessel wall area. All results are shown as the mean±SD. ^\*^p\<0.01 compared with the HFHC group. S: simvastatin, L: losartan, S+L: simvastatin plus losartan, HFHC: high-fat, high-cholesterol, apoE^-/-^: apolipopretein E, SMC: smooth muscle cell.](kcj-42-543-g003){#F3}

![Effects of simvastatin and/or losartan on MMP9 and tissue inhibitor of metalloproteinase 1 (TIMP1) expression in the aortic sinus of HFHC-fed apoE^-/-^ mice. Each section of the aortic sinus was stained with rabbit anti-mouse MMP9 or co-stained with goat anti-mouse SMC antibody and rabbit anti-mouse TIMP1 antibody followed by Alexa 488 donkey anti-goat IgG and Alexa 568 donkey anti-rabbit IgG. DAPI was used for nuclear staining. Immunofluorescence images were obtained by confocal microscopy (LSM700; ZEISS, Jena, Germany). A: MMP9. B: SMC & TIMP. S: simvastatin, L: losartn, S+L: simvastatin plus losartan. MMP9: metalloproteinase 9, HFHC: high-fat, high-cholesterol, apoE^-/-^: apolipopretein E, SMC: smooth muscle cell, DAPI: 4\'-6-diamidino-2-phenylindole.](kcj-42-543-g004){#F4}

![Effect of simvastatin and/or losartan on heat shock protein 27 (HSP27) expression in the aortic sinuses of HFHC-fed apoE^-/-^ mice. Tissue sections were stained with rabbit anti-mouse HSP27 followed by Alexa-488 goat anti-rabbit IgG. Nuclei were stained with DAPI. Immunofluorescence images were obtained by confocal microscopy (LSM700; ZEISS, Jena, Germany). S: simvastatin, L: losartan, S+L: simvastatin plus losartan, HFHC: high-fat, high-cholesterol, apoE^-/-^: apolipopretein E, DAPI: 4\'-6-diamidino-2-phenylindole.](kcj-42-543-g005){#F5}
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Effect of simvastatin and/or losartan on lipid profiles in mice sera
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ApoE^-/-^ mice were fed with a high-fat high-cholesterol (HFHC) diet for 12 weeks with or without drug treatment. Effects of simvastatin and/or losartan on total cholesterol (T-CHO), triglyceride (TG), low density lipoprotein-cholesterol (LDL-C) and high density lipoprotein-cholesterol (HDL-C) in plasma of HFHC-fed apoE^-/-^ mice were measured. S: simvastatin, L: losartan, S+L: simvastatin plus losartan, apoE^-/-^: apolipopretein E
